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Abstract of a thesis submitted in partial fulfilment of the 
requirements of the Degree of M. Agr. Sc. 
EFFECTS OF SOWING DEPTH AND NITROGEN ON 
EMERGENCE AND ESTABLISHMENT OF A RANGE OF 
IMPORTANT NEW ZEALAND PASTURE GRASS SPECIES 
The effects of sowing depth and nitrogen (N) on emergence and establishment of prairie 
grass (Bromus willdenowii Kunth., mean seed weight 12.0 mg); upland brome_(Bromus 
sitchensis L., 6.7 mg); a;;nual ryegrass CJ:!?lium multiflorum Lam., 5~); perennial ryegrass 
(L. perenne L., 2.5 mg); tall fescue (Festuca arundinacea Schreb., 1.8 mg); phalaris (Phalaris 
aquatica L., 1.5 mg); cocksfoot (Dactylis glomerata L., 0.7 mg) and timothy (Phleum pratense 
L., 0.4 mg) were examined u~der field and controlled environment conditions. At all sowing 
depths in all experiments emergence was positively correlated with seed weight. For all 
species, emergence decreased with increased sowing Giepth but the magnitude of the effect 
was greater for smaller seeded species. Poor emergence of smaller seeded species from 30 
and 60 mm sowing depths was likely to be due at least in part to insufficient coleoptile length 
and seed reserves but poor emergence at 10 mm sowing depth indicated that coleoptile length 
and seed reserves were unlikely to be the main factor reducing emergence. It is proposed 
that smaller seeds result in a smaller, more fragile seedling which is less able to penetrate the 
substrate. 
Addition of 100 kg N ha-1 at sowing did not affect emergence in the field experiments but 
emergence was reduced with increased applied N03- concentration a to 5 mol m-3 in the 
controlled environment experiments. It is likely that a lack of effect of N in the field is due tC' a 
high interstitial soil nitrate (N03-) concentration in the 0 kg N ha-
1 treatment and the small 
difference between the a kg N ha-1 and the 100 kg N ha-1 treatments. Under controlled 
environment conditions, coleoptile length was unchanged. with increased applied N03-
concentration. Possible mechanisms for the N effect on emergence are discussed. 
In general, survival of emerged seedlings increased with increased sowing depth but was 
unaffected by applied N in field experiments. At 10 mm sowing depth, survival was positively 
correlated with seed weight but at 30 and 60 mm sowing depth.s there was no consistent 
correlation between seed weight and survival indicating that insufficient seed reserves was not 
the main factor causing decreased seedling survival. Increased sowing depth is likely to place 
the root system further down the soil prOfile where fluctuations in soil temperature and 
moisture are buffered somewhat by the soil above possibly increasing survival. Increased 
partitioning of DM to the shoot may decrease survival but species such as cocksfoot and 
timothy which showed poor survival in the field did not show increased partitioning of DM to 
the shoot or leaves under a range of applied N03" concentrations in glasshouse experiments. 
To achieve maximum emergence and establishment it is suggested that farmers should 
provide a relatively homogenous seedbed to ensure ease of coleoptile penetration and 
consistency of sowing depth and to sow excess seed to negate high seedling mortality. Also; 
a sowing depth of less than 30 mm is essential. Increased seed weight Is possible through 
selection for high seed weight and increased ploidy level. This may take some .time to achieve . 
and may clash with other plant breeding objectives. 
KEYWORDS: Bromus sitchensis L., B. wiJIdenowii Kunth., coleoptile length, Dactylis g/omerata 
L., dry matter partitioning, emergence, establishment, Festuca arundinacea Schreb., 
Lalium mu/tiflorum Lam., L. perenne L., nitrogen, nitrate, Pha/aris aquatica L., Ph/eum 
pratense L., seed weight, sowing depth. 
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Chapter 1 General Introduction 
1.1 Pastoral agriculture in N .Z. 
-
More than 95% of agricultural land in N.Z. is used for pastoral farming and at least 47% 
of N .Z.s export earnings in the 1988/1989 year were from pastoral agriculture (Daly, 1990; 
New Zealand Department of Statistics, 1991). Most sown pastures hi N.Z. are a grass/legume 
a~Q.2iation. Grasses usually provide the main source of herbage with legumes, predominantly 
white clover, fixing atmospheric nitrogen (N). Pasture production of more than 18 000 kg ha·~ 
yea(l has been reported (Eerens et al., 1992). 
Exotic grass species were first sown in N.Z. following burning of native forest and 
grassland by farmers during the 1800s. Early sowing mixtures often reflected attempts by 
farmers to reproduce European pastures and consisted of up to seven grass species and three 
~ 
clover species but by the 1960s, perennial ryegrass (Lalium perenne L.) was the grass species 
predominantly sown in N.Z. pastures (Harris, 1968; Daly, 1990). Between 1973 and 1983 
cultivars of eight other grass species were released to farmers (Lancashire, 1985). Despite 
examples of higher annual production and seasonal pasture growth patterns more favourable 
. '\,' 
for animal productiQ[l from alternative grass species, Rerennial ryegrass is still the main gra~_s 
species sown in most pastures in N.Z. (Fraser, 1985; Belgrave et al., 1990; Malony, 1991). By 
1985 none of the alternative grass species released were in widespread use (Belgrave et al., 
1990). Slow acceptance of alternative grass species may be due in part to reported lower 
yield and perSistence compared to perennial ryegrass (Rumball, 1984; Lancashire, 1985; 
Belgrave et al., 1990; McCaw, 1993). Low yield and persistence in a pasture is often due to 
poor establishment which can reduce subsequent pasture production for a number of years 
(Sears, 1961; Charlton and Thom, 1984). 
1.2 Main grass species used in New Zealand agriculture: 
advantages and disadvantages of species 
1.2.1 PerennIal ryegrass 
Conditions reported to maximise growth of perennial ryegrass pastures include high 
fertility soils and a moist, warm climate (Armstrong, 1977). Perennial ryegrass can achieve 
high annual production but winter and summer production are often unsuitable for animal 
production. Phalaris (Phalaris aquatica L.) and prairie grass (Bromus willdenowii Kunth.) are 
reported to be more productive in winter in winter cool locations and cocksfoot (Dactylis 
glomerats. L.), tall fescue (Festuca arundinacea Schreb.) and prairie grass are reported to be 
more productive in summer in summer dry locations (Baars and Cranston, 1977; Rumball, 
1980; Anderson et al., 1982; Wright et al., 1985). 
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Establishment of perennial ryegrass is rapid compared to other grass species and it is 
recommended that the sowing rate of perennial ryegrass in a pasture mixture is reduced to the 
minimum rate practical to avoid suppression of slower establishing pasture components 
(Armstrong, 1977; Askin, 1990). Cullen (1958) found that ground cover for cocksfoot was 
decreased by 50% with the addition of 5.67 kg ha-1 perennial ryegrass in a sowing mixture. 
Hill (1985) found persistence of an older perennial ryegrass cultivar was reduced during 
summer/autumn droughts with high utilisation of herbage but a more recent selection 
(Grasslands Nui) had increased summer production and persistence, even during dry periods 
(Armstrong, 1977). Grass grub (Costelytra zealandica (White)) and Argentine stem weevil 
(ASW, Listronotus bonariensis Kuschel) can reduce production and persistence of perennial 
ryegrass in pastures and damage can necessitate insecticide treatment or pasture replacement 
(Chapman, 1990). The endophyte Acremonium loliae can confer some protection to perennial 
ryegrass against ASW (Gaynor and Hunt, 1983; Stewart, 1985) but the endophyte has been 
associated with animal health problems (Fletcher and Harvey, 1981; Fletcher, 1982) .. 
1.2.2 Annual ryegrass 
+-Annual ryegrass (Lolium multiflorum Lam.) usually has higher winter and early sgring 
production than perennial ryegrass but annual production is often similar (Langer, 1973; 
Pineiro and Harris, 1978; Percival et al., 1989). This may be due in part to tiller and often 
plant death during the first summer after sowing of annual ryegrass. Thorn and Prestidge 
(1990) found higher Winter/early spring production when annual ryegrass was overdrilled into a 
perennial ryegrass pasture. Hume (1990) found similar annual production in prairie grass and 
annual ryegrass in the first year after sowing with prairie grass more productive in the second 
year. 
Establishment of annual ryegrass is rapid (Langer, 1990; Hill, 1985; Charlton et al., 
1986). This can cause low establishment of companion species in pasture mixtures (Langer, 
'--
1973). Pineiro and Harris (1978) found that annual ryegrass suppressed red clover during 
establishment when sown in a mixture. Under a range of sowing preparation treatments, Hill 
(1985) found superior establishment of annual ryegrass compared to prairie grass and tall 
fescue oversown Into kikuyu (Pennisetum clandestinum Hochst. ex Chiov.) and paspalum 
(Paspalum dilatatum Poir) dominant pastures. 
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Persistence of annual ryegrass is dependent on cultivar as cultivars have been selected 
from a wide range of ecotypes. For example, Grasslands Tama, a Westerwolds type annual 
ryegrass rarely survives until the autumn after sowing while the cultivar Grasslands Moata can 
persist for at least two years (Armstrong, 1981; Oram 1990). 
1.2.3 Cocksfoot 
Cocksfoot is usually lower yielding than perennial ryegrass in fertile, moist locations but 
its annual and especially summer and autumn production in summer dry location~ can be 
greater (Lambert, 1967; Vartha, 1977; Langer, 1990). High yields of cocksfoot are favoured by 
a more lenient grazing system (Brougham, 1960; Barker et al., 1985) although hard grazing 
during autumn can increase subsequent annual production through increas"ed tillering 
(Brougham, 1960). 
Establishment of cocksfoot is slow compared to perennial ryegrass (Langer, 1990). 
Sangakkara and Roberts (1981) found that cocksfoot took 14 days to 75% emergence 
compared to seven days for perennial ryegrass and nine days for prairie grass. Thus 
establishment of cocksfoot may be adversely affected by competition with more rapidly 
establishing grasses (Cullen, 1958; Langer, 1973; Sangakkara and Roberts, 1981). 
Competition from perennial ryegrass is increased in soils with high N status and with autumn 
compared to spring sowing (O'Brien, 1960). Low competitiveness of cocksfoot during 
establishment may be partly due to slow germination (Charlton et al., 1986). 
Once established, cocksfoot is reported to be more persistent than perennial ryegrass in 
lower fertility soils (Langer, 1990). Barker et al. (1985) found that cocksfoot became the 
dominant grass species in pastures at two dry and two moist hill country sites where the 
resident grasses were Yorkshire fog (Holcus lanatus L.), red fescue (Festuca rubra L.), 
browntop (Agrostis tenuis Sibth.) and perennial ryegrass. Cocksfoot increased from 21 % to 
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61 % of total pasture production between six and 18 months after sowing. Lancashire and 
Brock (1983) suggested that cocksfoot is the most suitable grass species for dry hill country 
with a rotational grazing system. Cocksfoot is also more suitable than perennial ryegrass in 
areas where grass grub infestation is a problem (East et al., 1979). Prestidge et al. (1985) 
found cocksfoot roots unsuitable as a food source for third instar larvae of grass grub although 
susceptibility of cocksfoot to ASW during establishment has been noted (Barker et al., 1984). 
1.2.4 TI mothy 
Annual production is rarely greater for timothy (Phleum pratense L.) compared to 
perennial ryegrass and will only equal perennial ryegrass in higher fertility soils with a cool, 
moist summer (Smith and Jewiss, 1966; Langer, 1973; Vartha, 1977). Spring/early summer 
production is often similar for timothy and perennial ryegrass (Vartha, 1977; Hume and Lucas, 
1987). However, during spring/early summer, timothy is often more palatable than perennial 
ryegrass due to later reproductive development (Barnard, 1972; Langer, 1990). Although cold 
tolerant, timothy has low winter production and production during dry seasons is also limited 
(Langer, 1973; Vartha, 1977; Hume and Lucas, 1987). 
Establishment of timothy is slow and seedling competition from grass species such as 
perennial ryegrass can cause poor establishment in a mixed species pasture (Langer, 1973; 
Vartha, 1977). Once established, long term persistency of timothy is regarded as inadequate 
(Caradus, 1988). Three factors can decrease persistency of timothy in a mixed pasture. 
Firstly, commencement of growth in spring and reproductive growth in spring/summer is later 
than that of many of the usual companion pasture grasses. This results in shading and hence 
reduced growth of timothy. Secondly, the more erect growth habit of timothy allows grazing 
animals to eat closer to the apical region of the plant. If apices are damaged, tiller and 
possibly plant death can occur. Finally, because timothy is highly palatable during late spring 
it can be selectively grazed possibly resulting in tiller and plant death. Caradus (1978) 
proposed that timothy would have increased persistency if its growth habit was more prostrate. 
Caradus (1988) tested a more prostrate European ecotype against the more erect N.Z. cultivar 
Grasslands Kahu in a seven year grazing trial. It was found/that Kahu was more persistent 
than the prostrate ecotype. However, superior persistency of Kahu may be due in part to 
adaptation to N.Z. conditions (Caradus, 1988). 
1.2.5 Prairie grass 
Winter production in winter cool locations, summer production in summer dry locations 
and total annual production are often greater for prairie grass than perennial ryegrass 
(Rumball, 1974; Baars and Cranston, 1977; Lancashire, 1977; Rys et al., 1977; Askin, 1990; 
Hume, 1991b). 
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Prairie grass establishes rapidly and can suppress perennial ryegrass and cocksfoot in 
mixed pastures (Rumball, 1974; Sangakkara and Roberts 1981; Hili, 1985). Once established, 
persistency of prairie grass is influenced by grazing management (Langer, 1990). Prairie 
grass is intolerant of frequent close grazing although persistency may not be reduced if 
sufficient time is allowed for pasture recovery after overgrazing (Lancashire and Brock, 1983; 
Alexander, 1985; Bell and Ritchie, 1989; Black and Chu, 1989; Hume, 1991a). Factors 
reported to reduce perSistency of prairie grass include low soil fertility, poorly drained soil, 
overgrazing (especially in dry conditions) and selective grazing in mixed swards (Rumball, 
1974; Rys et al., 1977; Pineiro and Harris, 1978; Lancashire and Brock, 1983; Alexander, 
1985; Bell and Ritchie, 1989; Eccles etal., 1989; Hume, 1990). 
Natural reseeding is reported to be important in the persistency of prairie grass pastures, 
although results are variable. Stevens and Hickey (1989) found that no seedlings established 
successfully in the first year of reseeding but 66% of seedlings were alive after three months in 
the second year. Hume (1990) found that despite only 1 % survival, seedlings from natural 
reseeding comprised 28% of a prairie grass plant population and 11 % of prairie grass tillers in 
a second year pasture. 
1.2.6 Tall fescue 
Tall fescue is reported to have higher summer/autumn production and lower winter/spring 
production than perennial ryegrass in summer dry locations (Anderson et al., 1982; Brock, 
1983). In addition, tall fescue may be more productive than many other grasses in 
waterlogged soils and swampy areas where it is reported to have originated (Levy, 1970). 
Goold and van der Elst (1979) found higher production and persistence of tall fescue 
compared to perennial ryegrass in swampy peat soils. 
Establishment of tall fescue is slow. This may be due in part to slower germination, 
endosperm utilisation and root appearance and elongation rates (Brock et al., 1982). Tall 
fescue also shows a low tillering capacity (Rhodes, 1968; Brock et al., 1982). These 
characteristics result In a low ability to compete with other grass species during establishment 
and tall fescue will establish poorly if other grass species are included in pasture mixtures 
(Langer, 1973; Brock, 1983). 
Once established, tall fescue has high persistency in dry locations (Langer, 1973; 
Anderson, 1982; Brock, 1982) but high fertility is required for long term persistency (Langer, 
1973). Tall fescue can support high numbers of grass grub larvae without decreased 
production due to larval feeding (East et al., 1979; Prestidge et al., 1985). Tall fescue is 
susceptible to ASW and production and persistency can be decreased in establishing tall 
fescue pastures due to ASW feeding (Barker et al., 1984; Prestidge et al., 1986). 
1.2.7 Phalarls 
With phalaris (Phalaris aquatica L.), autumn, spring and especially winter production are 
high compared to summer production (Rumball, 1980). Kerrisk and Thomson (1990) found 
that phalaris outyielded perennial ryegrass in all seasons and tall fescue in winter over a two 
year trial in a dairy pasture in Taranaki. 
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Establishment of phalaris is often slow and Rumball (1980) suggests that this is one 
reason why phalaris is not more extensively used as a pasture grass in N.Z; Slow 
establishment may be the result of extensive root growth during the first year after sowing, with 
roots growing to two metres depth in some soils (Blair, 1937). In a mixed species pasture, 
phalaris Is sensitive to seedling competition, especially for light, from fast establishing grasses 
such as perennial ryegrass and prairie grass and can fail to establish in sufficient numbers in a 
pasture to make a significant contribution to production (Oram, 1990). 
Once established, phalaris can persist under heavy, continuous grazing and is likely to 
be "more persistent than many other grasses in summer dry environments (Stevens et al., 
1989; Oram, 1990). Summer persistence may be related to strong root growth which generally 
consists of a few large roots (Blair, 1937). The large, deep roots can utilise subsoil moisture 
and are also claimed to have soil binding properties (Rumball, 1980). In addition to an 
extensive root system, water demand can be reduced through the development of vegetative 
shoots which can lie dormant during hot, dry periods (Rumball, 1980; Oram and Freebairn, 
1984). These shoots lie close to or under the soil surface and even summer dormant plants 
can persist under heavy grazing (Rumball, 1980). 
1.3 Factors which can affect seedling emergence 
and establishment in grasses 
1.3.1 Factors affecting emergence 
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Two processes are involved in emergence in grasses; germination and seedling growth. 
~ermination begins with imbibition of water and increased metabolic activity in the seed 
followed by mobilisation of seed reserves and is terminated with emergence of the radicle and 
coleoptile from the seed. The coleoptile is the soil penetrating organ of the Graminaceae and 
is a rigid sheath-like protective structure which envelopes and protects the first leaf during 
growth towards the soil surface. At a point close to the soil surface the first leaf emanates 
from a predetermined pore near the tip of the coleoptile and emerges, relatively unobstructed 
from the soil. 
Emergence in grasses can be reduced by one factor alone, or more commonly two or 
more interacting factors (Charlton et al., 1986). Factors which can reduce germination and 
early seedling growth and hence emergence, include low soil moisture, low soil temperature, 
low oxygen (02) concentration, increased sowing depth, high soil strength, cultural factors and 
chemicals. 
1.3.1.1 Soli moisture 
Water is required for germination and seedling growth (Cardwell, 1984). The moisture 
tension at which grasses are able to germinate varies between species. McWilliam et al. 
(1970) found that perennial ryegrass was able to germinate at a solution potential of -16 bars 
while phalaris and cocksfoot were unable to germinate at a solution potential of less than -12 
bars. Turner and 8egg (1978) showed that leaf extension for perennial ryegrass begins to 
slow at a leaf water potential of approx. -2 bars and stops completely at a leaf water potential 
of approx. -16 bars. 
1.3.1.2 Soli Temperature 
Askin (1990) states that at times when soil moisture and nutrients are non-limiting, JQw 
soil temperature will often be the dominant factor reducing seedling emergence. With low soil 
temperature, germination and therefore emergence can be delayed. If temperatures are 'low 
enough, seeds can lose viability with the effect of low temperature exaggerated at high seed 
, . , 
,", .-.----"-"-' 
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moisture levels (Cardwell, 1984). Cocks and Donald (1973) showed that slower germination 
with low temperature was primarily due to decreased rates of endosperm mobilisation, embryo 
growth and seedling respiration. However, the dominant effect of low soil temperature OlL 
reduced emergence is likely to be related to increased pathogen problems rather than. reduced 
germination as seedlings have high susceptibility to pathogen attack before emergence 
(Falloon, 1987). 
1.3.1.3 Oxygen 
With adequate soil moisture and suitable soil temperatures, O2 is the only other factor 
required for germination (Bewly and Black, 1985). Respiration required for mobilisation of 
seed reserves cannot proceed at a rate high enough for growth in the absence of O2, 
Anaerobic respiration can proceed in the absence of O2, but toxic end products such as 
acetaldehyde, ethanol and lactate accumulate rapidly causing eventual death of the seedling 
(Bewly and Black, 1985). 
1.3.1.4 Sowing depth 
Emergence in grasses often decreases with increased sowing depth (Newman and-' 
Moser, 1988; Milne and Fraser, 1990). In some cases this may be due to decreased. soil O2 
levels (Bremner et al., 1963). Also, it is possible that seed reserves are fully utilised before 
the seedling emerges from the soil (Naylor et al., 1983; Wibberley, 1989). More commonly it 
is proposed that increased sowing depth decreases emergence in Graminaceae because the 
coleoptile has insufficient length to reach the soil surface (Arnott, 1969; Andrews et al., 1991). 
The first leaf may emerge from the coleoptile underground but is usually unable to reach the 
soil surface due to lack of rigidity (Allen, 1962). Coleoptile length differs between grass 
species and a longer coleoptile is reported to enable emergence from deeper sowing depths 
(Hyder et al., 1971). In addition, it is reported that the internodes above the coleoptile in 
wheat (Triticum aestivum L.) and below the coleoptile in indiangrass (Sorghastrum nutans L.) 
can elongate to effectively increase the length of the coleoptile (Taylor and McCall, 1936; 
Fullbright et al., 1985). 
Increased sowing depth can occasionally increase emergence. In drier soils, soil 
moisture can increase with increased depth thus deeper sowing can place seeds into moister 
soil (Radford et al., 1989; Radford and Key, 1993). 
1.3.1.5 Soli strength 
High soil strength can reduce emergence by increasing soil resistance to penetration of 
the coleoptile and first leaf (Nelson and Larson, 1984). Factors which can increase soil 
strength include low soil moisture, poor soil structural properties and increased soil bulk 
density often resulting in surface crusting (McClaren and Cameron, 1990). 
1.3.1.6 Cultural practices 
Three methods of sowing grasses commonly used for pasture establishment in N.Z. are 
oversowing/surface sowing, minimum tillage/direct drilling and conventional cultivation (Askin, 
1990). In general, conventional cUltivation results in the highest emergence due to superior 
seed/soil contact. 
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In general, grasses have a smaller seed than cereals. To ensure maximum seed/soil 
contact, the seedbed for grasses requires a finer soil texture than that for cereals. To achieve 
this, more cultivation is usually required (Askin, 1990). However, if the soil is overcultivated 
and the texture too fine, soil structural breakdown can occur resulting in higher soil strength 
and soil surface crusting hence decreased seedling emergence (McClaren and Cameron,--'-
1990). 
1.3.1.7 Chemicals 
Under laboratory conditions a range of chemicals have been found to stimulate 
germination of a number of species. These include ethylene, nitrate (N03-), nitrite, ammonium, 
urea, hydroxylamine, thiourea, hydrazine, gibberellic acid, glutamate and beta-chloralanine 
(Williams, 1983; Hilton, 1984; Hall et al. 1987; Goudey et al., 1988; Agenbag and de Villiers, 
1989). Of these chemicals, only N03-, ammonium and urea are likely to be present in high 
enough concentrations under field conditions to affect g·ermination. Soil N03- concentrations 
can reach 20 mnUTI,3 ·in cultivated, N fertilised soils (Andrews, 1986). Such concentrations are 
..--- -- -. - ... - .. -.-.. ~----:;:-
sufficient to,~timIJlate germination) of some grass species (Williams, 1983). 
Some chemicals can reduce germination. Radford et al. (1989) found that urea 
decreased germination of wheat and barley when sown with the seed. The decreased 
germination is likely to have been due to an osmotic effect of the urea salt caused by 
. decreased water uptake by the seed or seedling. 
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1.3.2 Factors affecting establishment 
Little work has been carried out on the environmental factors affecting post emergence 
seedling survival in grasses, but many factors known to influence emergence such as soli 
moisture and temperature are likely to affect post emergence seedling survival (Bellotti and 
Blair, 1987). Also, factors such as "starting capital", growth rate of the genotype, time 
available for growth and restrictions imposed by neighbours may influence survival (Harper, 
1977). Baker (1972) suggested that a lower shoot to root DM ratio (S:R) may increase post 
emergence survival by placing less evaporative and nutrient demand on the root. 
1.4 Recent research Into emergence In cereals 
For cereals, as for grasses, emergence often decreases with increased sowing depth. 
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This effect is greater with smaller seeded species (Goodman and Scott, 1985; Hines et al., 
1991). It has been argued that for cereals, coleoptile length is the most important determinant 
of emergence from deeper sowing (Wiedenroth et al., 1990; Andrews et al., 1991). 
If placed alongside the seed, additional N at sowing can cause decr~ased emergence in 
cereals. This is likely to be related to decreased water uptake (Radford et al., 1989). 
However, if incorporated into the soil, N at rates of up to 300 kg ha-1 have been found to have 
no effect on emergence of wheat (Hines et al., 1990). At sowing depths greater than 30 mm, 
Andrews et al. (1991) found decreased emergence in wheat with increased applied NOs-
concentration from 0 to 5 mol m-3 in a controlled environment study. This effect was 
associated with increased seed reserve mobilisation, seedling DW and fresh weight and 
seedling water percentage. It was proposed that decreased emergence at increased NOs-
concentration was due to increased water uptake causing increased expansion of leaf 1 within 
the substrate which resulted in a more open leaf structure and greater folding and damage to 
the emerging leaf. 
1.5 Objectives of this Study 
There have been reports of poor establishment of cocks foot, timothy, phalarisand tall 
fescue (Chariton and Thorn, 1984; Rumball, 1984; Lancashire, 1985; Caradus, 1988; McCaw, 
1993). The failure of these grasses to be used over a more widespread area may be due in 
part to reported poor establishment. in comparison with annual ryegrass and prairie grass 
these grass species are smaller seeded. Poor establishment may be related to poor 
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emergence. Poor emergence from smaller seeds has been related to insufficient coleoptile 
length and seed reserves (Arnott, 1969; Naylor et al., 1983). Poor establishment may also be 
related to low seed weight and to high partitioning of dry matter OM to the shoot (Baker, 1972; 
Harper, 1977). 
Emergence can be decreased with increased applied N in cereals. This can be due to a 
salt effect causing dehydration of seeds or seedlings (Varvel, 1982). Under controlled· 
environment conditions, decreased emergence in wheat with increased applied NOao 
concentration 0 to 1 mol moa occurred only at sowing depths greater than 30 mm and was 
related to increased seedling water uptake and consequent leaf damage (Andrews et al., 
1991). Decreased emergence in the field may also be related to the NOao concentration of the 
Interstitial waters of the soli as NOao concentrations of more than 10 mora are common after 
cultivation in agricultural soils no added N fertiliser (Andrews, 1986). 
In the present study, a range of important N.Z. pasture grass species were studied under 
field and controlled environment conditions to determine if: 
1 . a relationship exists between seed weight and emergence from different sowing 
depths. 
2. endogenous soil N or applied N added to the substrate affects emergence 
3. emergence from deeper sowing is related to coleoptile length. 
4. seed weight affects establishment. 
5. species differences in establishment are related to differences in OM partitioning 
between the shoot and root. 
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Chapter 2. Emergence and Establishment of a range 
of Inlportant N.Z. Pasture Grass Species 
2.1 Introduction. 
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In comparison with perennial ryegrass, annual ryegrass and prairie grass, emergence of 
cocksfoot, timothy, tall fescue and phalaris is reported to be low (Charlton and Thom, 1984; 
Rumball, 1984; Lancashire, 1985; Caradus, 1988; McCaw, 1993). For example, Caradus 
(1988) found approx. 24 to 45% emergence of six timothy ec?types three months after sowing 
in a field experiment. This compares with emergence of 92.9% of perennial ryegrass in a field 
experiment (Bellotti and Blair, 1989). In comparison with annual ryegrass and prairie grass, 
cocksfoot, timothy, tall fescue and phalaris are small seeded. For perennial ryegrass and 
wheat, emergence has been found to be lower with smaller compared to larger seeds (Arnott, 
1969; Goodman and Scott, 1985). Emergence is also greatly dependent on sowing depth. 
'For perennial ryegrass emergence decreased from 80 to 4% with increased sowing depth from 
1.25 to 7.5 cm (Arnott, 1969). The effect of increased sowing depth was greater with lighter 
seeds compared to heavier seeds. Inadequate mesocotyl extension rather than inadequate 
seed reseNes appeared to be the cause of decreased emergence of seedlings which failoo to 
emerge from deeper sowing (Arnott, 1969). Evidence indicates that coleoptile length is the 
most important factor determining emergence of temperate cereals from deeper sowing 
(Wiedenroth et al., 1990; Andrews et al., 1991). Because smaller seeds have shorter 
coleoptiles it is possible that with wheat decreased emergence of smaller seeded cultivars is 
due to shorter coleoptile length (Cornish and Hindmarsh, 1988). 
Additional N at sowing has been found to cause decreased emergence of temperate 
cereals (VaNel, 1982; Radford et al., 1989; Andrews et al., 1991). In most cases this has 
been related to decreased soil water potential causing either inhibition of germination or 
dehydration of seedlings (Carter, 1967; VaNel, 1982). However, if fertiliser is distributed 
evenly within the soil rather than "banded" with the seed, high rates of fertiliser can be used 
without reduced emergence (Hines et al., 1991). Under controlled environment conditions, 
emergence of wheat decreased with increased applied N03- concentration from 0 to 1 mol m-
3 
at sowing depths greater than 30 mm (Andrews et al., 1991). This effect was found to be 
correlated with increased shoot OW, fresh weight and percentage water and it was proposed 
that greater expansion of leaf 1 due to increased water uptake was the primary cause of N03-
induced reduction of emergence. The more open leaf structure associated with increased 
!_.,-.-....... -.': 
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water uptake folded more easily within the substrate and was more prone to damage during 
emergence. Because the soil interstitial water NOa- concentration is likely to be greater than 1 
mol m-a after cultivation, NOa- induced reduction of emerge,\ce is likely to be a component of 
decreased emergence from deeper sowing in a field situation (Andrews, 1986). 
Post emergence death of seedlings can further reduce establishment of pasture grasses. 
Few studies have been carried out to determine the main factors affecting establishment but 
factors such as temperature and moisture availability which affect emergence are also likely to 
affect establishment. Insufficient seed reserves may also affect establishment (Harper, 1987). 
---;-1 
The present study examined the effects of sowing depth and substrate N concentration 
, 
on emergence of a range of important N.Z. pasture grass species underJield and controlled 
environment conditions. Also, coleoptile length was measured in controlled environment 
studies. The objectives of these studies was to determine if: 1. a rela.tionship exists between 
seed weight and emergence from different sowing depths 2. endogenous soil N or additional 
N applied to the substrate affects emergence 3. emergence from deeper sowing is related to 
coleoptile length. 4. seed weight affects establishment. 
2.2 Materials and methods 
2.2.1 Plant material 
Seed of prairie grass, cv. Grasslands Matua (mean seed weight 12.0 mg); upland brome, 
cv. Grasslands Hakari (6.7 mg); annl,lal ryegrass, cv. ~ra~slC3.ndsMog.ta (5 mg); perennial 
ryegrass, cv. Grasslands Nui (2.3 mg); tall fescue, cv. Grasslands Roa (1.8 mg); phalaris, cv. 
Grasslands Maru, (1.5 mg); cocksfoot, cv. Grasslands Wana (0.7 mg); and timothy, cv. 
Grasslands Kahu (0.4 mg) were obtained from Seedlands (N.Z.) Ltd, Timaru, N.z. Laboratory 
germination tests at 13 to 17°C gave a germination percentage of at least 85% for all grasses. 
2.2.2 Field experiments - experiments 1 and 2 
Field experiments were carried out in a Wakanui silt loam soil (Wakanui series: Udic 
ustochrep~ at the Lincoln University research farm in 1992. All grass species except upland 
brome were used. The previous crops were wheat (199P) followed by barley (1991). Soil was 
prepared by ploughing, rolling, rotary hoeing and rolling twice .. Before rotary hoeing, 35 mm of 
\ water was applied by spray irrigation. Harvesting, removal of the previous crop and crop 
· residues and all soil preparation were carried out during the two weeks prior to sowing. 
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There were three sowing depth treatments (10, 30 and 60 mm) and three N treatments 
(O~gnd-JQ.O~~g ~tlcf!).-Experiment 1 was sown on 10 March 1992 and experiment 2 on 17 ......----- -- . , ~ 
March 1992. Seeds were sown by hand using a Cullen frame technique (Cullen, 1965) with 
one N rate, one sowing depth and all grass species (20 seeds of each species) represented in 
each plot with each plot representing one treatment. The Cullen frame was pushed into the 
ground to the appropriate sowing depth and two seeds were placed in each hole. The frame 
was then pushed on top of the seeds to ensure that the correct sowing depth was achieved. 
Soil was placed into the holes and compacted. On completion of sowing, plots were rolled 
twice with a lawn rOller.~itrOgen was br()~~:(cast _bybangover tllELP-lo.tsjnJbe form.of 
p~~de!~dc_~~ium ammonium nitrate and wateredJnloJnE3§oil immediateIY_J.Js!oga small s-2@y 
irrigator which applied approximately 30 mm of water. Counts of emerged seedlings were 
taken weekly until emergence remained unchanged for two weeks (10 May). A final count to 
determine survival of emerged seedlings was taken on 12 November 1992. 
Soil tests were carried out one week after sowing to determine the soil NO!]-
concentration after cultivation and addition of N. The NO!]- assay was a modified form of that 
presented in Mackereth et al., (1978). Spongy cadmium was used to reduce the NO!]- to nitrite 
which was then determined spectrophotometrically. Five soil cores (5 cm depth) were taken 
randomly from both experiments from the 0 and 100 kg N ha-1 treatments. Soil samples were 
oven-dried and a sub-sample of approx. 5 g of soil was shaken on an orbital shaker with 50 ml 
of 2 M potassium chloride for one hour to bring the NO!]- into solution. A filtered subsample of 
the solution (0.2 ml) was transferred to a vial containing; 3 ml ammonium chloride (2.6% w/v 
aqueous solution), 1 ml sodium tetraborate (2.1 % w/v aqueous solution) and 4.8 ml distilled 
water. Spongy cadmium was then added and the vial was stoppered and shaken for one 
hour. The vial was then removed from the shaker, the liquid contents transferred to a test 
tube and 0.5 ml sulphanilamide (1 % w/v aqueous solution in 10% hydrochloric acid) added 
and mixed. After 4 - 6 minutes, 0.5 ml N-1-napthylethylenediamine dihydrochloride (0.1 % w/v 
aqueous solution) was added resulting in a red azo-dye which was determined 
spectrophotometrically at 543 nm using a Shimadzu UV-160A spectrophotometer. A standard 
curve was prepared using potassium nitrate standard solutions (refer Appendix 2). 
Both experiments were a split-split plot design. Main plots were sowing depth. Sub 
plots were N treatments. Sub-subplots consisted of the seven grass species. There were five 
- '."-',' . :-:;.: ~::'-;~:' .. 
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repli~ates. for each treatment. Analysis of variance was carried out on all results and all results 
disc~ssed had an F-ratio with a probability P<0.05 and were obtained in repeat experiments 
unless otherwise stated. 
All climatic data were recorded at the DSIR meteorological station at Broadfields, less 
than 4km from the trial site. 
2.2.3 Controlled environment experiments - experiments 3, 4 and 5 
All grass species except prairie grass were used in experiment 3. Seeds were placed in 
pots 100 mm diameter and 200 mm deep (10 seeds per pot) containing vermiculite/perlite (1 :1 
v/v) soaked in a basal nutrient solution containing calcium chloride (3.0 mol m-3), potassium 
dihydrogen orthophosphate (3.0 mol m-3), dipotassium hydrogen orthophosphate (0.3 mol m-3), 
magnesium sulphate (3.0 mol m-3) and micronutrients as described by Andrews et al., (1984). 
All pots were flushed twice weekly with the appropriate nutrient solution. Plants were grown in 
a controlled environment chamber in darkness where the temperature was maintained 
between 13 and 17°C during each 24 hour period. 
There were three sowing depth treatments (10, 30 and 60 mm) and two applied NO~. 
treatments (0 and 5 mol m-3 N03-) added as potassium nitrate. The potassium concentration 
was made similar to that in the 0 N03- treatment by the addition of 2.5 mol m-
3 potassium 
sulphate. Emerged plants were counted weekly after sowing. Emergence was considered 
complete when emerged plant numbers had stabilised for three counts in all treatments. At 
harvest, the total number of emerged seedlings was counted and the coleoptile length was 
measured on recovered seedlings. 
Experiment 4 was carried out as for experiment 3 except the substrate was 
vermiculite:perlite:sand (1:1:1, v:v:v) and coleoptile length was not measured. 
Due to difficulties in recovering seedlings for measurement of coleoptile length in 
experiment 3, a further experiment was carried out to determine coleoptile length. All species 
except upland brome were used. Seeds were placed in covered trays 100 mm diameter x 50 
mm deep (10 seeds in each tray) on filter paper moistened with 30 ml distilled water 
containing either 5 mol m-3 KN03 or 2.5 mol m-
3 K2S04• The filter paper was kept moist 
subsequently with distilled water. Seedlings were grown in the controlled environment 
chamber as in experiments 3 and 4. Seedlings were harvested when the first leaf had 
}:~~BJ~~£~~~~ 
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emerged from the coleoptile in all germinated seedlings. At harvest the coleoptile length was. 
) measured on all germinated seedlings and a mean coleoptile length was calculated for each 
tray. 
All controlled environment experiments were a randomised complete block design with 
five replicates for each treatment. Analysis of variance was carried out on all results and all 
results discussed had an F-ratio with a probability P<0.05. 
2.3 Results 
Climatic data for the duration of the field experiments (experiments 1 and 2) are shown 
----------in Table 2.1. The daily average temperature was in general one to two degrees lower than the 
long term means. The 10 cm soil temperature was consistently two to threedegree$ lower 
than the long term means. Rainfall was lower during March but thereafter was similar or 
higher than the long term mean until the conclusion of the experiments. 
Table 2.1: Monthly mean values for daily average temperature, grass minimum temperature, 
soil temperature (10 cm), rainfall and potential evapotranspiration (P.E.T.) for the duratlo~of 
the field experiments. 
Month Daily Average Grass Min Soil temperature Rainfall P.E.T. 
Temperature Temperature (10 cm) (Penman) 
actual mean actual mean actual mean actual mean actual me 
March 13.4 14.6 3.9 7.3 11.7 14.7 10 57 75.2 98 
April 10.4 12.0 2.1 3.7 8.2 11.0 47 56 35.8 65 
May 7.7 8.7 -0.1 0.9 4.7 6.9 107 71 34.7 48 
June 5.3 6.2 -2.1 -1.6 1.8 4.5 57 61 27.2 36 
July 6.9 5.7 -0.2 -1.3 2.2 4.0 64 68 23.6 41 
August 6.0 6.7 -0.3 -0.6 3.2 5.2 167 62 13.4 56 
September 7.0 9.4 1.2 0.6 4.6 7.6 74 47 23.8 73 
October 10.6 11.7 4.7 2.6 8.0 10.8 81 49 45.2 10~ 
November 13.8 13.6 7.3 5.1 11.6 13.5 46 53 64.1 
Soil analysis showed soil N03- concentrations in the Interstitial waters of the soil of 10.4 
(SEM 0.60) and 13.5 (SEM 0.90) mol m-3 for the 0 kg N ha-1 and 100 kg N ha-1 treatments. 
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In experiments 1 and 2, emergence was dependent on species and sowing depth but not 
applied N. Data were pooled with respect to applied N for further analysis. In both 
experiments there was a significant species x sowing depth interaction (Table 2.2). At all 
sowing depths, emergence was positively correlated with seed weight. Emergence was 
ieduced with Increased sowing depth for all species but the magnitude of the effect was 
. - -'~<':'---'.J--,:-;--
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greater for smaller seeded species. Data for all species and sowing depths in experiment 1 
are)shown in Figure 2.1 to highlight this effect. At all sowing depths, emergence increased 
with increased seed weight to 5 mg then changed little with further Increased seed weight. For 
all species emergence was lower at 6 cm sowing depth in experiment 2 compared to 
experiment 1. 
Table 2.2: The effect of sowing depth on emergence for experiments 1 (a) and 2 (b). 
a: 
sowing depth Prairie Annual Perennial Tall Phalaris Cocksfoot Timothy 
(mm) grass ryegrass ryegrass fescue 
10 74 79 65 66 56 63 54 
30 69 79 60 57 50 47 28 
60 64 63 38 36 31 21 10 
LSD 9.8 
b: 
sowing depth Prairie Annual . Perennial Tall Phalaris Cocksfoot Timothy 
(mm) grass ryegrass ryegrass fescue 
10 74 76 58 60 52 53 39 
30 68 82 56 57 49 45 22 
60 34 49 22 24 20 11 6 
LSD 14.7 
In experiment 1 survival of emerged seedlings was dependent on species and sowing 
depth and there was a species x sowing depth interaction (Table 2.3a). In general there was 
~... . .... . . ·~~?J;;~~\~~~i:;if~~~l~:~ 
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greater survival with increased sowing depth. This was especially apparent for timothy. Also" I" 
f, 
for perennial ryegrass there was some emergence after the final count for emergence. In I { 
experiment 2 survival of emerged seedlings was dependent on species (Table 2.3b). The 
effect of sowing depth on survival (P=O.08) was almost significant at the P<O.05 level however, 
as in experiment 1, there was an obvious increase in survival of timothy with increased sowing 
depth. In both experiments there was no consistent pattern in survival with regard to seed 
weight. Also, timothy showed poor establishment from shallow sowing in both experiments. 
Establishment of sown seed was dependent on species and sowing depth and there was 
a species x sowing depth interaction in both experiments (Table 2.4). In general, 
establishment decreased with increased sowing depth. The magnitude of the effect was 
greater in tall fescue, phalaris and cocksfoot compared to the larger seeded species. 
Perennial ryegrass, intermediate in seed weight, showed an intermediate response. At all 
sowing depths, establishment was positively correlated with seed weight in both experiments. 
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Establishment of timothy was poor with 16% establishment or less at all sowing depths in both 
experiments. 
~ 
Table 2.3: Survival of emerged seedlings (%) for experiments 1 (a) and 2 (b). 
a: 
Sowing Depth Prairie Annual Perennial Tall Phalaris Cocksfoot 
(mm) grass ryegrass ryegrass fescue 
10 64 82 77 57 66 53 
30 84 81 91 71 60 61 
60 73 90 109 73 92 65 
LSD 19.5 
b: 
Sowing Depth Prairie Annual Perennial Tall Phalarls Cocksfoot 
(mm) grass ryegrass ryegrass fescue 
10 63 83 84 57 68 60 
30 78 78 90 65 65 53 
60 90 86 91 72 72 55 
LSD 29.7 
Figure 2.1.: The effect of sowing depth on emergence for experiments 1 and 2. 
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In experiments 3 and 4 (controlled environment conditions) emergence was 
dependent on species, sowing depth and applied N03" concentration. In both experiments 
there was a species x sowing depth interaction (Table 2'.5). Increased applied N03" 
concentration 0 to 5 mol m"3 reduced emergence from 34 to 27% (SEM = 0.14%) in 
experiment 3 and from 30 to 21% (SEM = 0.13%) in experiment 4. In general, emergence 
decreased with increased sowing depth but the magnitude of the decrease was greater for 
smaller seeded species. Emergence was correlated with seed weight a1 all sowing 'depths. 
Emergence was greater at 1 em and less at 3 and 6 em sowing depths in experiment 4 
compared to experiment 3. 
Table 2.5: The effect of sowing depth on emergence for experiments 3 (a) and 4 (b). 
a: 
Sowing depth Upland Annual Perennial Tall Phalaris Cocksfoot Timothy 
(mm) brome ryegrass ryegrass fescue 
10 85 78 41 33 31 7 7 
30 71 66 32 29 21 3 6 
60 45 55 18 5 7 5 0 
LSD 6.5 
b: 
Sowing depth Upland Annual Perennial Tall Phalaris Cocksfoot Timothy 
(mm) brome ryegrass ryegrass fescue 
10 85 91 49 60 52 46 16 
30 40 29 13 25 19 0 0 
60 0 0 0 0 0 0 0 
LSD 6.7 
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In experiment 3, coleoptile length was dependent on species and sowing depth but was 
rl0t affected by applied N03' concentration. There was a significant species x sowing depth 
interaction (Table 2.6). Coleoptile length increased with increased sowing depth but the 
increase was greater for smaller seeded species. At all sowing depths cocksfoot and timothy 
had a shorter coleoptile length than other species. 
Table 2.6: The effect of sowing depth on coleoptlle length (mm) for Experiment 3. 
Sowing depth Upland Annual Perennial Tall Phalaris Cocksfoot Timothy 
brome ryegrass ryegrass fescue 
10 30 30 23 22 23 10 12 
30 33 33 25 33 29 16 11 
60 38 36 33 28 38 20 18 
LSD 4.1 
In experiment 5, coleoptile length was dependent on species but was not affected by 
applied N03' concentration. The coleoptile length for the individual species is shown in Table 
2.7. Coleoptile length was poorly correlated with seed weight but as in experiment 3 cocksfoot 
and timothy showed a shorter coleoptile length than other species. 
Table 2.7: The effect of species on coleoptile length for experiment 6. 
\ . 
Species Prairie Annual Perennial Tall Phalaris 
grass ryegrass ryegrass fescue 
Coleoptile 35 50 30 32 45 
Length (mm) 
LSD 3.8 
2.4 Discussion 
Cocksfoot· Timothy 
25 21 
The present study examined the effects of species, sowing depth and N on emergence 
and establishment of a range of important N.Z. pasture grass species. Relationships between 
seed weight and coleoptile length and emergence and establishment were examined . 
. At all sowing depths in all experiments emergence was positively correlated with seed 
weight. Emergence was decreased with increased sowing depth but the magnitude of the 
effect was greater for smaller seeded species. In the field experiments, emergence at 6 cm 
sowing depth was lower for experiment 2 than for experiment 1. Experiment 2 was sown one 
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week later than experiment 1. During March, April and May, the soil temperature fell rapidly 
and it is possible that lower emergence in experiment 2 was related to lower soil temperature 
associated with later sowing. In the controlled environment experiments emergence in 
experiment 4 was greater at 1 cm and less at 3 and 6 cm sowing depths campared to. 
experiment 3. Sand was incarparated into. the substrate in experiment 4 to. prevent mavement 
af smaller seeded species within the substrate during flushing with nutrient salutian. Sand 
appeared to. stop seed mavement but it is likely that resistance af the substrate to. coleoptile 
penetratian was increased. This wauld explain increased emergence fram 1 cm sawing depth 
and decreased emergence from 3 and 6 cm sowing depth. Emergence in the field 
experiments was greater than in the cantralled enviranment experiments. This difference may 
have been due to. differences in the accuracy af seed placement, environmental canditians 
and/ar substrate strength. 
At all sawing depths in all experiments emergence was less for smaller seeded species. 
In cereals, emergence is usually reduced with sowing depths greater than 30 mm (Wibberley, 
1989). This has been related primarily to insufficient coleoptile length causing the first leaf, 
which usually lacks the rigidity required to. penetrate the substrate, to. emerge from the 
caleoptile .undergraund aften causing failed emergence (Allen et al., 1962; Wiedenrath et al., 
1990; Andrews et al., 1991). Caleaptile length is aften related to. seed weight thus lawer -'--
emergence in smaller seeded species may have been due to. sharter caleaptile length (Carnish 
and Hindmarsh, 1988). In experiments 3 and 5, the coleoptiles af cacksfaat and timothy were 
sharter than for the ather species. Values far caleaptile length far cacksfaat and timothy were 
15 & 25 and 14 & 21 mm far experiments 3 and 5 respectively. Thus paar emergence of 
cacksfoat and timothy from 30 and 60 mm sawing depths is likely to be at least in part due to. 
insufficient caleoptile length. However, even at 1 cm sowing depth where insufficient caleaptile 
length would not cause reduced emergence, smaller seeded species showed reduced 
emergence compared to. larger seeded species. Also, in experiment 3, the correlation 
between seed weight and emergence was greater than the carrelation between coleoptile 
length and emergence. This indicates that seed weight is mare important than coleoptile 
length in determining emergence in the grass species studied here. The potential coleoptile 
length of cocks foot and timothy is at least 20 mm and even greater when grown in darkness 
with no resistance, therefore a lack of seed reserves is not likely to be the dominant factor 
decreasing emergence in smaller seeded species. It is proposed that smaller seeds result in 
(by necessity) a smaller, more fragile seedling which iSyss likely to be less able to penetrate 
the substrate than a more robust seedling such as larger seeded grass species ar cereals. 
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In the field experiments there was no effect of applied N on emergence. However, in the 
controlled environment experiments emergence was reduced with increased applied NOa" 
concentration 0 to 5 mol m"3. The difference in response to additiohal N between the field and 
controlled environment experiments is likely to have been due to mineralisation of soil organic 
N with cultivation during soil preparation before sowing and is evidenced by the high interstitial 
soil water N03" concentration in the 0 kg N ha"l treatment and the small difference between the 
N03" concentrations of the 0 and 100 kg N ha"l treatments (10.4 and 13.5 mol m"3 N03" 
respectively) in the field experiments. Additional N has been found to cause reduced 
coleoptile length in wheat and barley but this Is likely to be an osmotic effect (Radford et al., 
1989). In experiments 3 and 5 and in Andrews et al., (1991) external N03" concentration did 
not affect coleoptile length. It has been proposed that N induced reduction of emergence may 
be due to reduced soil water potential which caused desiccation of seeds and seedlings 
(VaNel, 1982; Radford et al., 1989). In experiments 3 and 4 all salts were b::ilanced in the 0 
and 5 mol m"3 N03" treatments thus any reduction of emergence through de$fccation effects "-
would have occurred in both N treatments. Andrews et al (1991) found Increased mobilisation 
of seed reseNes, shoot OW and fresh weight and increased seedling water percentage with 
increased applied N03" concentration in wheat. Seedlings accumulated cellular N03" 
concentrations in excess of the N03" concentration of the substrate and it was proposed that 
increased levels of cellular osmoticum from uptake and assimilation of N03" caused increased 
water uptake giving a more open leaf structure which folded more easily during growth through 
the substrate (Andrews et al., 1991). This may also be the cause of decreased emergence in 
the grass species studied here. Additional N03" has been found to increase the area of leaf 1 
of LoNum temulentum L. exposed to light (Thomas, 1983). This indicated that N03" has similar 
effects on early growth of grasses and cereals. 
In general, survival of emerged seedlings increased with increased sowing depth but this 
was not the case for cocksfoot which showed poor survival at 60 mm sowing depth compared 
to other species. Also, timothy showed poor survival with shallow sowing. Deeper sowing 
may give increased survival through placement of the root system further down the soil profile 
where environmental factors such as temperature and moisture are buffered somewhat by the 
soil above. Smaller seeded species often have a smaller root system thus seedlings with a 
smaller and often shallower root system may be more susceptible to fluctuations in soil 
temperature and moisture nearer the soil surface and may thus show reduced sUNival (Jurado 
and Westoby, 1992). Also, partitioning of DM between the shoot and root may influence the 
survival of seedlings (Baker, 1972). The possibility that DM partitioning between the shoot and 
root affects survival is examined in Chapter 3. 
Chapter 3. Dry Matter Partitioning of a 
Range of Important N.Z. Pasture Grass Species 
3.1 Introduction 
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In chapter 2, survival of emerged seedlings was positively correlated with seed weight at 
10 mm sowing depth indicating that seed reserves may be an Important factor in seedling 
survival. However, survival of emerged seedlings was, in general increased with increased 
sowing depth. This was especially true for timothy. Also, there was no correlation between 
survival and seed weight at 30 and 60 mm sowing depths thus seed reserves may not have 
been the dominant factor affecting survival. Increased sowing depth is likely to result in 
deeper placement of the root system thus fluctuations in soil temperature and moisture 
conditions are likely to be buffered somewhat by the soil above possibly increasing seedling 
survival. Also, it has been proposed that partitioning of OM between the shoot and root may 
affect survival of emerged seedlings (Baker, 1972). Plants which allocate a lower proportion of 
OM to the shoot may have increased survival because a proportionally smaller shoot places a 
smaller evaporative and nutrient demand on the root compared to a plant with a high S:R. 
In the present study, a range of important N.Z. pasture grass species were studied under 
glasshouse conditions to determine the partitioning of OM between leaf, pseudostem and root. 
Measurements were taken at a range of external N03- concentrations as N is known to greatly 
affect partitioning of OM between the shoot and root (Andrews, 1992). Dry matter partitioning 
between the shoot and root in glasshouse experiments was compared to seedling survival in 
experiments 1 and 2 to determine if OM partitioning in the glasshouse is related to seedling 
survival in the field. 
3.2 Materials and methods 
All species used in experiment 5 were included in Experiment 6. Also, three extra L. 
multiflorum cultivars, (Grasslands Tama (5.0 mg), Concord (2.4 mg) and Grasslands Paroa 
(2.2 mg)} and 2 hybrid ryegrass species, L. multiflorum x L. perenne cv. Manawa (2.5 mg) and 
(L. multiflorum x L. perenne) x L. perenne cv. Marsden (2.3 mg) were added. Seeds were 
germinated on moist (distilled water) filter paper in an incubator at 25°C. Seedlings with a 
coleoptile length of 2 - 10 mm were transferred to 100 mm diameter x 200 mm tall pots (one 
per pot) containing vermiculite/perlite (1 :1 , v/v) soaked in a basal nutrient solution containing 
k:,":::""::'"'::;:":-':' ~~i~s@~~t~j~ 
i~E~£~:~f£~~~;: 
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the appropriate N03" concentration. The basal nutrient solution was as for experiment 5. 
There were seven different applied N03" concentrations, 0.1, 0.5, 1.0, 2.0, 4.0, 6.0 and 10.0 
mol m"3 NOi added as potassium nitrate. Potassium was maintained at 13.6 mol m"3 by the 
addition of potassium sulphate as required. Pots were flushed with the appropriate nutrient 
solution every two days. 
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At harvest, plants were separated into leaves (laminae), pseudostem and root and oven 
dried for three days at 67°C for OW determination. Ory weights were taken and the S:R (leaf 
OW + pseudostem OW : root OW ratio) and leaf weight ratio (LWR, leaf OW : plant OW ratio) 
were calculated. 
The experiment was carried out in a glasshouse for 49 days under natural autumn/winter 
daylight conditions with the 9 - 10 hour photoperiod extended to 14 hours with artificial lighting 
(high pressure mercury vapour lamps). The temperature was maintained between 15 and 
25°C. 
Experiment 7 was carried out as for Experiment 6 except plants were grown for 63 days 
under natural summer daylight conditions with a photoperiod of 13 - 14 hours and the 
temperature was maintained between 15 and 30°C. Experiment 8 was as for Experiment~ 
except the experiment was carried out for 38 days. 
All experiments were a randomised complete block design with three replicates for all 
treatments in experiment 6 and five replicates in experiments 7 and 8. Analysis of variance 
was carried out on all data and all effects discussed have a probability P <0.05 unless 
otherwise stated. 
3.3 Results and discussion 
The objectives of experiments 6, 7 and 8 were to determine if the grass species studied 
were different in their partitioning of OM between shoot and root and if any differences 
between species can explain differences in seedling survival for experiments 1 and 2. A range 
of external N03" concentrations known to occur under field conditions were used as external 
N03" concentration is known to influence OM partitioning (Andrews, 1986; Andrews, 1992). 
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Table 3.1: The effect of external N03" concentration on plant OW for experiment 6 (n = 420) 
Species Applied N03" concentration (mol m"3) 
0.1 0.5 1.0 2.0 4.0 6.0 10.0 mean 
Prairie grass cv. Matua 0.27 0.88 1.85 1.95 2"23 1.96 1.89 1.58 
Annual ryegrass cv. Tama 0.37 1.23 3.20 2.22 2.38 1.88 1.14 1.77 
Annual ryegrass cv. Moata 0.22 0.89 1.69 2.34 2.37 2.36 1.32 1.60 
Hybrid ryegrass cv. Manawa 0.36 0.97 2.75 2.56 2.48 2.60 1.51 1.89 
Annual ryegrass cv. Concord 0.42 0.92 3.02 2.07 2.53 2.22 1.46 1.80 
Perennial ryegrass cv. Nui 0.17 0.54 1.01 0.89 1.17 1.25 0.85 0.84 
Annual ryegrass cv. Paroa 0.17 0.41 2.06 1.16 1.39 1.04 1.40 1.09 
Hybrid ryegrass cv. Marsden 0.26 0.63 0.90 1.20 1.13 1.12 0.59 0.83 
Tall fescue cv. Roa 0.23 0.54 0.93 0.65 0.86 1.11 0.90 0.75 
Phalaris cv. Maru 0.15 0.53 1.16 0.95 0.89 0.65 0.67 0.71 
Cocksfoot cv. Wana 0.31 0.53 0.78 1.44 1.21 0.73 1.44 0.92 
Timothy cv. Kahu 0.15 0.27 0.32 0.53 0.41 0.42 0.22 0.33 
SEM = 0.25 
In experiment 6 plant OW was dependent on species and applied NOa" concentration and 
there was a species x applied NOa" concentration interaction (Table 3.1). Shoot to root OW 
ratio and LWR were affected by species and applied NOa" concentration (Tables 3.2 and 3.3). 
Values for annual ryegrass cv. Tama and timothy, the species which showed the greatest and 
least total plant OW respectively are shown as representative data (Figure 3.1). In general, for 
all grasses, total plant OW increased with increased applied NOa" concentration from 0.1 to 1 -
4 mol m-a then changed little or decreased with additional NOa: thereafter. In general, at 
comparable applied N03- concentrations, total plant OW was greater for annual grasses than 
for perennial species with the exception of prairie grass. In general, for all grass species S:R 
increased with increased applied NOa-concentration over the entire range used while LWR 
increased with increased applied N03- concentration 0.1 to 2 - 4 mol m-
3 N03- then changed 
little with additional N03- thereafter (Tables 3.2, 3.3, 3.4 and 3.5). Partitioning of OM to the 
shoot and leaves was higher for some grass species which showed poor establishment in 
experiments 1 and 2, especially cocksfoot and timothy (Tables 3.2 and 3.3). Experiment 7 
was carried out to confirm this relationship. Growth in experiment 7 showed a similar 
response to applied N03- concentration to experiment 6 (Appendix 2) but OM partitioning to 
the shoot or leaves was not higher for the species which showed poor survival in experiments 
1 and 2 compared to other species (Tables 3.4 and 3.5). The plants in experiment 7 were more 
I 
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Table 3.2: The effect of external N03' concentration on S:R for experiment 6 (n = 420) 
Species Applied N03' concentration (mol m·
3
) ~;f~::I~;;";;it~ 
0.1 0.5 1.0 2.0 4.0 6.0 10.0 mean 
Prairie grass cv. Matua 1.11 1.50 2.21 2.13 2.52 2.83 2.83 2.16 
Annual ryegrass cv. Tama 1.03 1.34 1.73 1.57 2.73 2.96 4.34 2.24 
Annual ryegrass cv. Moata 1.09 1.08 2.20 1.47 2.66 3.05 3.44 2.14 
Hybrid ryegrass cv. Manawa 0.97 1.51 1.53 1.38 2.37 2.77 3.02 1.94 " - --,--- ;-.----.~--.--
;:=~~~~~;~~~~~:~:i~:::~~ 
Annual ryegrass cv. Concord 1.04 1.10 1.59 1.67 2.88 2.80 3.75 2.12 
Perennial ryegrass cv. Nui 2.38 2.08 2.20 2.93 2.42 3.59 2.69 2.61 
Annual ryegrass cv. Paroa 1.55 1.72 1.66 3.04 2.82 3.75 4.11 2.66 
Hybrid ryegrass cv. Marsden 1.03 1.25 2.49 2.23 2.77 2.71 4.15 2.38 
Tall fescue cv. Roa 1.40 1.76 "2.55 2.46 2.73 3.23 3.67 2.54 
Phalaris cv. Maru 1.25 1.09 1.91 1.85 2.32 2.64 2.74 1.97 
Cocksfoot cv. Wana 0.77 1.77 2.92 3.23 4.44 2.98 3.25 2.77 
Timothy cv. Kahu 1.14 2.61 3.55 3.05 3.48 3.52 3.99 3.04 
SEM=0.45 
Table 3.3: The effect of external N03' concentration on LWR for experiment 6 (n = 420) 
Species Applied N03' concentration" (mol m·
3
) 
0.1 0.5 1.0 2.0 4.0 6.0 10.0 mean 
Prairie grass cv. Matua 0.36 0.38 0.42 0.47 0.46 0.48 0.49 0.42 
Annual ryegrass cv. Tama 0.36 0.36 "0.36 0.39 0.46 0.43 0.50 0.40 
Annual ryegrass cv. Moata 0.39 0.37 0.49 0.41 0.51 0.50 0.50 0.44 
Hybrid ryegrass cv. Manawa 0.35 0.33 0.36 0.40 0.52 0.44 0.38 0.39 
Annual ryegrass cv. Concord 0.37 0.33 0.37 0.42 0.47 0.45 0.46 0.40 
Perennial ryegrass cv. Nui 0.43 0.49 0.49 0.53 0.50 0.53 0.48 0.48 
Annual ryegrass cv. Paroa 0.39 0.50 0.46 0.50 0.54 0.51 0.55 0.47 
Hybrid ryegrass cv. Marsden 0.42 0.39 0.52 0.48 0.50 0.48 0.54 0.45 
Tall fescue cv. Roa 0.39 0.33 0.48 0.51 0.53 0.50 0.53 0.45 
Phalaris cv. Maru 0.43 0.38 0.48 0.45 0.48 0.53 0.52 0.46 
Cocksfoot cv. Wana 0.32 0.45 0.50 0.45 0.56 0.49 0.52 0.45 
P. pratense cv. Kahu 0.36 0.53 0.65 0.56 0.53 0.48 0.56 0.50 
SEM = 0.05 --- ... ---- ... 
27 
mature than the plants in experiment 6 therefore experiment 8 was carried out to determine if 
OM partitioning was related to seedling survival ~mly during early growth. In experiment 8, 
plant DW was lower than experiment 6 and showed a similar response to external N03" 
concentratlon- compared to experiments 6 and 7 (Appendix 3a) but, as for experiment 7, plants 
which showed poor establishment in experiments 1 and 2 did not show higher OM partitioning 
to the shoot or leaves compared to other species (Appendices 3b and 3c). It therefore seems 
unlikely that differences in winter survival between species were related to differences in OM 
partitioning. 
Table 3.4: The effect of external N03" concentration on S:R for experiment 7 (n = 420) 
Species Applied N03" concentration (mol m
03
) 
0.1 0.5 1.0 2.0 4.0 6.0 10.0 mean 
B willdenowli cv. Matua 1.77 1.20 1.59 1.62 2.02 2.21 2.62 1.86 
Annual ryegrass cv. Tama 0.76 0.97 1.31 1.63 1.83 2.72 2.28 1.64 
Annual ryegrass cv. Moata 0.73 0.94 1.15 1.59 1.76 2.90 2.74 1.69 
Hybrid ryegrass cv. Manawa 0.75 1.02 1.26 1.40 1.75 2.76 2.37 1.62 
Annual ryegrass cv. Concord 0.78 0.83 1.30 1.26 2.12 2.24 2.31 1.55 
Perennial ryegrass cv. Nui 0.64 0.81 0.87 1.30 1.65 1.90 1.95 i.30 
Annual ryegrass cv. Paroa 0.69 1.01 1.17 1.41 2.31. 2.70 2.66 1.71 
Hybrid ryegrass cv. Marsden 0.63 0.73 1.01 1.19 1.61, 2.05 1.84 1.30 
Tall fescue cv. Roa 0.86 0.85 0.95 1.30 1.87 2.33 3.49 1.67 
Phalaris cv. Maru 0.55 0.89 0.86 1.42 1.98 1.69 2.42 1.40 
Cocksfoot cv. Wan a 0.78 1.00 1.22 1.49 2.03 2.19 3.11 1.69 
Timothy cv. Kahu 0.60 0.80 0.91 1.23 1.74 2.02 2.28 1.37 
SEM = 0.25 
r.:.~~~:~~ 
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Table 3.5: The effect of external N03- concentration on LWR for experiment 7 (n = 420) 
Species Applied N03- concentration (mol m-
3
) ~ii~~1~:~~~ 
0.1 0.5 1.0 2.0 4.0 6.0 10.0 mean I I 
Prairie grass cv. Matua 0.36 0.28 0.27 0.34 0.42 0.46 0.50 0.38 
Annual ryegrass cv. Tama 0.25 0.29 0.31 0.31 0.32 0.35 0.29 0.30 
Annual ryegrass cv. Moata 0.26 0.29 0.31 0.35 0.32 0.46 0.46 0.35 
Hybrid ryegrass cv. Manawa 0.28 0.29 0.29 0.31 0.29 0.35 0.36 0.31 ~lE;!;~1 Annual ryegrass cv. Concord 0.26 0.26 0.33 0.27 0.35 0.28 0.34 0.30 
Perennial ryegrass cv. Nui 0.26 0.29 0.25 0.31 0.34 0.35 0.40 0.31 I 
I 
Annual ryegrass cv. Paroa 0.24 0.29 0.30 0.33 0.36 0.33 0.39 0.32 I 
I 
Hybrid ryegrass cv. Marsden 0.24 0.27 0.27 0.28 0.32 0.33 0.33 0.29 
Tall fescue cv. Roa 0.23 0.27 0.24 0.28 0.33 0.42 0.45 0.32 
Phalaris cv. Maru 0.24 0.31 0.27 0.38 0.41 0.37 0.48 0.32 
Cocksfoot cv. Wana 0.23 0.24 0.24 0.29 0.37 0.39 0.48 0.35 
Timothy cv. Kahu 0.24 0.28 0.28 0_31 0.43 0.43 0.52 0.36 
SEM = 0.04 
Figure 3.1: Representative data for annual ryegrass cv. Tama (x) and timothy ( • ) showing 
plant dry weight (Plant DW), shoot to root dry weight ratio (S:R) and leaf weight ratio (LWR) for 
experiments 6 (a), 7 (b) and 8 (c). Vertical bars = 1 SEM. 
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4. Conclusions and Further Research 
The objectives of this study were to determine if: 1. a relationship exists between seed 
size and emergence, 2. endogenous soil N or applied N added to the substrate affects 
emergence 3. emergence is related to coleoptile length and 4. if OM partitioning between the 
shoot and root affects emergence and establishment. The results obtained in Experiments 1 -
8 are summarized and areas where further research would assist to clarify the conclusions 
made are suggested. Finally, conclusions and implications of this study are discussed. 
1}. At all sowing depths in all experiments, emergence was positively correlated with seed 
weight but the magnitude of the effect was greater for smaller seeded species. This may have 
been due in part to insufficient coleoptile length and seed reserves. It was proposed that a 
smaller seed results in a smaller, more fragile seedling which may be less able to penetrate 
the substrate than a more robust seedling as found with larger seeded grass species and 
cereals. In the controlled environment studies difficulty in recovering seedlings, especially from 
smaller seeded species, may have led to inaccuracy in the measurement of coleoptile length. 
But, due to low emergence at shallow sowing depths, it appears that coleoptile length may not 
be the dominant factor affecting emergence of smaller seeded species anyway. To establish 
the relationship between seed weight and possible fragility of seedlings, the strength of the 
coleoptile must be measured to determine if the coleoptile~ of. smaller seedlings are less able to 
r 
penetrate a substrate than the coleoptile of larger seeded species. 
2}. Additional N at sowing did not affect emergence in the field experiments due to a high soil 
N03- concentration resulting from mineralisation of soil organic N after cultivation which 
resulted in little difference in soil N03- concentrations between the 0 and 100 kg N ha-
1 
treatments. Emergence was decreased with increased applied N03- concentration in the 
controlled environment experiments. Increased applied N03- concentration h~ been found to 
result in increased seed reserve mobilisation, seedling OW and fresh weight and seedling 
water percentage in wheat which may result in a more open leaf structure and folding of leaf 1 
during growth within the substrate. The mechanism of N03- induced reduction of emergence in 
grasses requires further research. Studies of the effects of external N03- concentration on 
endosperm mobilisation, water and N03- uptake and leaf damage resulting from increased 
water uptake in grass species, as have been carried out on cereals may elucidate the 
mechanisms of N03- induced reduction of emergence. 
3}. In general, survival of emerged seedlings increased with increased sowing depth but was 
. - ... -... -...... -.. 
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not affected by applied N. Increased sowing depth is likely to place the root system further 
down the soil profile where fluctuations in soil temperature and moisture are buffered 
somewhat by the soil above possibly increasing survival. Increased partitioning of OM to the 
shoot may i4r.ea§:e"S~~dling survival but species such as cocksfoot and timothy which showed 
poor establishment in field experiments did not show increased partitioning of OM to the shoot 
or leaves in glasshouse experiments. Further research is required regarding the effect of high 
OM partitioning to the shoot combined with water stress on seedling survival and the effect of 
the size of the root system and depth of root penetration on seedling survival. 
If, as appears to be the case, low seed weight is the primary cause of low emergence 
and establishment in smaller seeded grass species, little can be done from a farmers point of 
view to prevent poor establishment in the short term. Although selection for high seed weight 
and increasing the ploidy level can lead to increased seed weight, an increase of at least one 
order of magnitude must be achieved in cocksfoot and timothy in order to attain a seed weight 
equivalent to species which show adequate emergence and establishment. Also, a quest for 
high seed weight may clash with other agronomic plant breeding objectives. In the short term, 
farmers sowing smaller seeded species must provide a more homogenous seed bed than is 
used for cereals to allow easier coleoptile penetration, and a constant sowing depth of less 
than 30 mm is essential. Also, if adequate emergence and establishment are to be achieved, 
seed must be sown greatly in excess of what is expected to be the final plant population. Due 
to the cost involved in sowing excess seed, farmers often attempt to economise by using less 
seed than is necessary with the result that establishment failure can occur. Poor 
establishment is one of the causes of the often unfair condemnation of some alternative grass 
species which, if sufficient seed had been sown to give adequate establishment, could have 
given superior long term production and perSistence compared to faster establishing species. 
·idx::~:~::;'; 
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Appendix 1: Standard curve for N03- determination via cadmium reduction to nitrite, refer 
Chapter 2. 
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Appendix 2: The effect of external N03• concentration on plant OW for experiment 7 (n = 420) 
Species Applied N03• concentration (mol m·
3
) 
0.1 0.5 1.0 2.0 4.0 6.0 10.0 mean 
Prairie grass 0.36 1.14 2.54 3.56 1.62 1.28 1.22 1.67 
Annual ryegrass cv. Tama 0.57 1.80 3.25 5.74 4.31 2.26 1.45 2.77 
Annual ryegrass ev. Moata 0.41 1.65 2.85 4.58 3.04 1.64 1.63 2.26 
i Hybrid ryegrass ev. Manawa 0.38 1.84 2.97 5.18 3.91 2.10 1.63 2.53 Annual ryegrass cv. Concord 0.43 1.42 2.89 4.75 3.69 2.17 2.34 2.53 
I· 
I Perennial ryegrass cv. Nui 0.31 1.22 2.12 3.24 2.16 1.83 1.74 1.80 ~ Annual ryegrass cv. Paroa 0.29 1.22 2.76 4.39 2.36 1.43 1.09 1.94 
I 
Hybrid ryegrass ev. Marsden 0.30 1.12 2.31 3.82 2.17 1.93 1.15 1.83 
Tall fescue cv. Roa 0.23 1.20 1.84 2.86 1.78 1.23 1.28 1.49 
Phalaris ev. Maru 0.21 0.76 1.72 1.66 1.08 1.10 0.91 1.06 
, I Cocksfoot cv. Wana 0.14 0.95 1.90 3.29 2.88 2.23 1.37 1.82 
Timothy cv. Kahu 0.19 0.74 1.42 2.90 2.14 1.65 1.63 1.52 
I j 
SEM = 0.36 
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Appendix 3: The effect of external N03- concentration on plant OW for experiment 8 (n = 420) 
Species Applied N03- concentration (mol m-
3
) .~; -:-~,.: -.:.~::<~~>-~>~ . .:~ '-~~~~:? ~:: ~ }~~~~ ~ ~ :~. ~~: ~: ,-: 
0.1 0.5 1.0 2.0 4.0 6.0 10.0 mean 
Prairie grass cv. Matua 0.15 0.34 0.42 0.72 0.68 0.83 0.62 0.54 
Annual ryegrass cv. Tama 0.23 0.40 0.60 1.20 1.36 1.39 0.82 0.86 
Annual ryegrass cv. Moata 0.09 0.25 0.50 0.89 0.98 0.51 0.62 0.55 
Hybrid ryegrass cv. Manawa 0.15 0.35 0.47 0.76 0.81 0.69 0.55 0.54 
Annual ryegrass cv. Concord 0.17 0.39 0.54 0.86 0.73 0.86 0.72 0.61 
Perennial ryegrass cv. Nui 0.05 0.19 0.25 0.27 0.35 0.29 0.28 0.24 
Annual ryegrass cv. Paroa 0.11 0.24 0.38 0.36 0.49 0.51 0.34 0.35 
Hybrid ryegrass cv. Marsden 0.11 0.22 0.28 0.55 0.49 0.34 0.41 0.34 
Tall fescue cv. Roa 0.08 0.17 0.21 0.33 0.27 0.21 0.26 0.22 
Phalaris cv. Maru 0.07 0.15 0.21 0.30 0.28 0.39 0.31 0.24 
Cocksfoot cv. Wana 0.07 0.10 0.13 0.16 0.24 0.19 0.18 0.15 
Timothy cv. Kahu 0.04 0.06 0.08 0.08 0.09 0.09 0.12 0.08 
SEM = 0.09 
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Appendix 4: The effect of external N03- concentration on S:R for experiment 8 (n = 420) 
Species Applied N03- concentration (mol m-
3
) ~~.::;~~~;:~. ~.~;~~~~;~.: 
~l;;:::;::E:~::;~:::~ 
0.1 0.5 1.0 2.0 4.0 6.0 10.0 mean 
Prairie grass cv. Matua 1.12 1.32 1.86 2.11 2.75 3.05 2.59 2.11 
Annual ryegrass cv. Tama 1.15 1.26 1.67 1.77 3.16 3.34 3.61 2.28 
Annual ryegrass cv. Moata 1.33 2.13 2.00 2.40 3.30 3.49 3.20 2.55 
I 
Hybrid ryegrass cv. Manawa 1-1.16 1.28 1.82 2.57 3.41 3.38 3.53 2.45 r~~f~~ Annual ryegrass cv. Concord 1.10 1.20 1.57 2.20 2.96 3.66 3.42 2.30 
Perennial ryegrass cv. Nui 2.32 1.80 1.97 2.81 3.62 3.49 3.17 2.74 
Annual ryegrass cv. Paroa 1.53 1.72 2.16 3.07 3.51 3.68 3.27 2.70 
Hybrid ryegrass cv. Marsden 1.42 1.55 1.81 2.55 3.25 3.39 3.65 2.52 
Tall fescue cv. Roa 1.23 1.69 2.69 3.31 3.71 3.16 3.67 2.78 
Phalaris cv. Maru 1.29 1.28 2.02 2.06 2.63 2.18 2.82 2.04 
Cocksfoot cv. Wana 1.44 1.69 1.98 3.12 3.34 3.17 3.30 2.58 
Timothy cv. Kahu 1.47 1.89 2.04 2.77 2.91 2.76 2.66 2.36 
SEM = 0.32 
Ii 
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Appendix 5: The effect of external N03- concentration on LWR for experiment 8 
Species Applied N03- concentration (mol m-
3
) 
0.1 0.5 1.0 2.0 4.0 6.0 10.0 mean 
Prairie grass cv. Matua 0.34 0.35 0.42 0.42 0.46 0.46 0.46 0.42 
Annual ryegrass cv. Tama 0.34 0.36 0.41 0.40 0.46 0.44 0.48 0.41 
Annual ryegrass cv. Moata 0.38 0.44 0.44 0.47 0.50 0.53 0.48 0.46 
Hybrid ryegrass cv. Manawa 0.36 0.37 0.43 0.48 0.52 0.51 0.51 0.45 
Annual ryegrass cv. Concord 0.34 0.34 0.39 0.44 0.47 0.50 0.50 0.43 
Perennial ryegrass cv. Nui 0.48 0.44 0.44 0.50 0.54 0.53 0.51 0.49 
Annual ryegrass cv. Paroa 0.41 0.40 0.46 0.50 0.52 0.51 0.50 0.47 
Hybrid ryegrass cv. Marsden 0.38 0.40 0.43 0.48 0.51 0.52 0.52 0.46 
Tall fescue cv. Roa 0.33 0.39 0.45 0.47 0.52 0.52 0.50 0.46 
Phalaris cv. Maru 0.36 0.36 0.46 0.46 0.50 0.46 0.48 0.44 
Cocksfoot cv. Wana 0.35 0.40 0.42 0.47 0.49 0.49 0.48 0.44 
Timothy cv. Kahu 0.39 0.43 0.48 0.50 0.52 0.56 0.53 0.49 
SEM = 0.02 
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